Pyrophosphate:fructose-6-phosphate phosphotransferase (PFP) was purified over 500-cold from endosperm of germinating castor bean (Ricinus commiunis L. var. Hale). The kinetic properties of the purified enzyme were studied. PFP was specific for pyrophosphate and had a requirement for a divalent metal ion. The pH optimum for activity was 7.3 to 7.7. The enzyme had similar activities in the forward and reverse directions and exhibited hyperbolic kinetics with all substrates. Kinetic constants were determined in the presence of fructose 2,6-bisphosphate, which stimulated activity about 20-fold and increased the affinity of the enzyme for fructose 6-phosphate, fructose 1,6-bisphosphate, and pyrophosphate up to 10-fold. Half-maximum activation of PFP by fructose 2,6-bisphosphate was obtained at 10 nanomolar. The affinity of PFP for this activator was reduced by decreasing the concentration of fructose 6-phosphate or increasing that of phosphate. Phosphate inhibited PFP when the reaction was measured in the reverse direction, i.e. fructose 6-phosphate production. In the presence of fructose 2,6-bisphosphate, phosphate was a mixed inhibitor with respect to both fructose 6-phosphate and pyrophosphate when the reaction was measured in the forward direction, i.e. fructose 1,6-bisphosphate production. The possible roles of fructose 2,6-bisphosphate, fructose 6-phosphate, and phosphate in the control of PFP are discussed.
During germination of castor bean, there is a massive conversion of fat to sucrose in the endosperm. The final stage of this conversion, the synthesis of sucrose from oxaloacetate, probably occurs exclusively in the cytoplasm (13, 14) . Our knowledge of the control of this sequence is limited. The available evidence suggests that the conversion ofFru-1 ,6-P23 to Fru-6-P is regulated in both castor bean endosperm (8) and the cotyledons of Cucurbita pepo (10) .
Although castor bean endosperm contains fructose-1,6-biphosphatase and phosphofructokinase, the two enzymes of Fru-6-P/Fru-1,6-P2 metabolism generally considered to be important 'Supported by Grant PCM-78-19575 from the United States National Science Foundation. 2 Recipient of a North Atlantic Treaty Organization Postdoctoral Fellowship administered through the Deutscher Akademischer Austauschdienst. Present address: Max-Planck-Institut fur Zuchtungsforschung, Abteilung Biochemie, 5000 Koln 30, Federal Republic of Germany 3 Abbreviations: Fru-1,6-P2, fructose 1,6-bisphosphate; Fru-6-P, fructose 6-phosphate; Fru-2,6-P2, fructose 2,6-bisphosphate; Ka, activation constant, i.e. concentration of effector that gives half-maximum activation; PFP, pyrophosphate:fructose-6-phosphate phosphotransferase (EC 2.7.1.90) in gluconeogenesis and glycolysis, respectively, we have recently demonstrated that this tissue also contains considerable PFP activity (9) . At present the physiological role of this enzyme is unclear. The reaction catalyzed by PFP is easily reversible in vitro; therefore, it could operate in either direction in vivo. In castor bean endosperm, PFP activity is confined to the cytoplasm and is sufficient to account for the flux from Fru-1,6-P2 to Fru-6-P in vivo. Thus, PFP has the capacity to contribute significantly to Fru-6-P production and may be important in the regulation of sucrose synthesis.
Little is known about the properties of PFP from gluconeogenic tissues. We have previously reported that, in crude extracts of castor bean endosperm, PFP is stimulated up to 10-fold by Fru-2,6-P2 (9) . Similar activation by Fru-2,6-P2 has been reported for PFP purified from mung bean hypocotyl (19) , spinach leaf (3), and potato tuber (20) . Here we describe the purification of PFP from castor bean endosperm and report on its kinetic and regulatory properties.
MATERIALS AND METHODS Materials. Castor bean seeds (Ricinus communis L. var. Hale) were soaked for 24 h in running tap water, then placed in moist vermiculite and grown in the dark at 30°C in a humidified growth chamber. The plants were harvested 4 d after sowing. Fru-2,6-P2, substrates, cofactors, and auxiliary enzymes were purchased from Sigma. DEAE-cellulose (DE52) and phosphocellulose (PI 1) were from Whatman, and Bio-Gel A-1.5m was obtained from Bio-Rad.
Enzyme Assays. All assays were carried out at 25°C in a total volume of 1 ml. Auxiliary enzymes were dialyzed against 5 mM Hepes-NaOH (pH 7.5) before use. NADH oxidation and NADP+ reduction were recorded at 340 nm with a Gilford 250 spectrophotometer. PFP activity in the forward direction was measured by the production of Fru-1,6-P2. The standard assay contained 100 mM Hepes-NaOH (pH 7.5), 1 mM MgC92, 5 mM Fru-6-P, 0.1 mm NADH, 0.2 mM PPi, 1 uM Fru-2,6-P2, 1 IU aldolase, 10 IU triose-P isomerase, 1 IU glycerol-3-P dehydrogenase. The reaction was started with PPi. This assay was used throughout the purification of PFP. PFP activity in the reverse direction was measured by the production of Fru-6-P in a mixture that contained 100 mm Hepes-NaOH (pH 7.5), 5 mM MgCl2, 0.5 mm Fru-1,6-P2, 1 mM NADP+, 5 mm NaH2PO4, 2 IU hexose-P isomerase, 1 IU glucose-6-P dehydrogenase. The assay was started by the addition of Pi. For the kinetic analyses, the concentrations of substrates and effectors were varied as indicated in "Results."
Other enzymes were measured as follows: P-fructokinase (9), fructose-1,6-bisphosphatase (9), aldolase (13) , and hexose P isomerase (13 Table I . Typically, the enzyme was purified over 500-fold with a yield of 10 to 20%. It was essential to include glycerol during the purification. Attempts to purify PFP in the absence of glycerol resulted in almost complete loss of activity before the final step. After purification, PFP retained about 80% of its activity for 1 week when stored at 4°C in the presence of 20% (w/v) glycerol.
In the final preparation, the activities of P-fructokinase, hexose-P isomerase, aldolase, and inorganic pyrophosphatase were less than 1% of the activity of PFP. The apparent fructose-1,6-bisphosphatase activity was about 2% of that of PFP. However, this is likely to be an over-estimate of the contamination by fructose-1,6-bisphosphatase since any Pi in the assay would allow PFP to function in the reverse direction.
Properties of PFP. Enzyme activity was specifically dependent on PPi. Neither ATP, ADP, GTP, CTP, UTP, ITP, phosphoenolpyruvate, nor tripoly-P, each at 1 mm, could replace PPi in the reaction. Low rates were initially observed with several of these compounds, but were attributed to contamination by PPi, since these rates declined to zero after a few minutes and could be totally abolished by incubating the compound, at 20 mm, with inorganic pyrophosphatase (1 unit/ml) for 1 to 5 min before use.
In the forward direction, PFP had a broad pH optimum with maximum activity at pH 7.3 to 7.7, whereas in the reverse direction, the enzyme displayed a sharper optimum at pH 7.75 ( Fig. 1) . Stimulation by Fru-2,6-P2 had no effect on the pH optimum in the forward direction. In the reverse direction, Fru-2,6-P2 did not stimulate PFP activity, since the assay already contained sufficient Fru-1,6-P2 to full activate the enzyme (18 PFP in both the presence and absence of Fru-2-6-P2 (Table II) . There was no difference between the effects of sodium, potassium, and ammonium salts. Phosphate caused substantial inhibition and was investigated in detail (see below). Sulfate caused marked inhibition at high concentrations; this inhibition was greater in the presence of Fru-2,6-P2. Nitrate and chloride both caused some inhibition at high concentrations, while acetate was the least inhibitory anion tested.
Kinetics Constants of PFP. PFP exhibited hyperbolic kinetics with Fru-6-P, PPi, Fru-1,6-P2, and Pi in both the presence and absence of Fru-2,6-P2 (Figs. 3-6 ). At high concentrations, both Pi and PPi inhibited the enzyme. This inhibition was partially relieved by Fru-2,6-P2. We found no evidence ofsigmoid kinetics in the absence of Fru-2,6-P2 as reported by others (3, 20) . Under none of the conditions examined was the Hill coefficient significantly greater than one (Fisher's probability value > 0.1).
In a separate series of experiments, we determined for each substrate the Michaelis constant at saturating levels ofthe second substrate (Kin), the dissociation constant in the absence of the second substrate (Ki), and the maximum velocity at saturating concentrations of both substrates (V) in the presence of 1 ,uM Fru-2,6-P2 as described in "Materials and Methods." The substrate concentrations used in this analysis were as follows. In the forward direction, Fru-6-P was 10 MgCl2 was used to vary Mg2e as shown. Table III . For each substrate, Eadie-Hofstee plots of our data yielded a series of lines intersecting in the fourth quadrant. This pattern (equivalent to intersections to the left of the y axis in a Lineweaver-Burk plot) is consistent with a ternary complex mechanism which has previously been reported for PFP from both Entamoeba histolytica (17) and Propionibacterium shermanii (15) . Recently a substituted enzyme mechanism (pingpong mechanism) has been proposed for the enzyme from pineapple leaf (2) . The initial velocity patterns we observe are incompatible with PFP from castor bean endosperm operating via this later mechanism.
Activation of PFP by Fru-2,6-P2. In the forward reaction, the major effect of Fru-2,6-P2 was to increase V1PP about 20-fold and to decrease KXTP for Fru-6-P by a factor of 10, from 2.5 to 0.25 mM (Fig. 3) . KaPP for PPi decreased by about 50%, from 0.035 to 0.017 mm, on addition of Fru-2,6-P2 (Fig. 4) . Inhibition of PFP by PPi was observed at concentrations greater than 1 mm and could be relieved by Fru-2,6-P2. Activation of PFP by Fru- 2,6-P2 was hyperbolic and dependent on the Fru-6-P concentration (Fig. 7) . Decreasing the concentration of Fru-6-P from 5 to 0.5 mm increased the Kafor Fru-2,6-P2 2-fold, from 10 to 22 nm.
Pi also had a marked effect on the stimulation of PFP by Fru-2,6-P2. Ka for Fru-2,6-P2 at 5 mM Fru-6-P was increased more than 10-fold, to 123 nm, by the addition of 5 mM Pi. PFP could also be activated by glucose-1,6-P2 but at much higher concentrations (Ka = 0.19 mm at 5 mM Fru-6-P and 0.2 mM PPi). Moreover, the maximum stimulation was only about half that obtained with Fru-2,6-P2 (results not shown).
When PFP was measured in the reverse direction, addition of Fru-2,6-P2 decreased the K'aPP for Fru-1,6-P2 from 0.09 to 0.015 mM, but did not affect '"PP significantly (Fig. 5 ). There was a marked inhibition of PFP at Pi concentrations greater than 2 mm. This inhibition was partially relieved by Fru-2,6-P2 which caused a 2-to 4-fold stimulation of activity (Fig. 6) . However, Fru-2,6-P2 actually increased KaPP for Pi from 0.14 to 0.36 mM. 
DISCUSSION
The purification procedure we have used provides a preparation that is essentially free from other enzymes capable of metabolizing either the substrates or products of PFP. In general, the properties of PFP from castor bean endosperm are similar to those described previously for the enzyme purified from mung bean hypocotyl (1), spinach leaf (3), and potato tuber (20) . The most striking feature is the marked stimulation of the enzyme from each source by low concentrations of Fru-2,6-P2, which was first discovered in mammalian tissues as a potent stimulator of P-fructokinase and an inhibitor of fructose-1,6-bisphosphatase (7, 16) . For castor bean PFP, the Kafor Fru-2,6-P2 in the forward direction was much lower than in the reverse direction, as was previously reported for PFP from potato tuber (20) . This can be explained by two complementary properties. Fru-6-P decreased the Ka for Fru-2,6-P2, whereas Pi had the opposite effect. However, due to these two factors we suggest that in vivo the Ka for Fru-2,6-P2 in the forward direction is likely to be much greater than the minimum value, 10 nm, reported here. Although glucose 1,6-P2 also stimulated enzyme activity, the Ka of about 0.2 mM makes it unlikely that this compound is an important activator of PFP in vivo.
Additionally, castor bean PFP is inhibited by Pi. In the forward direction, this may be expected since product inhibition is characteristic of two-substrate reactions (5) . However, this is not the only mechanism of inhibition, because Pi also inhibits PFP in the reverse direction. The inhibition can, in part, be relieved by Fru-2,6-P2, but even at optimum levels ofthe activator, Pi causes substantial reduction of PFP activity. The little that has been reported on the effects of Pi on PFP from other tissues suggests that the inhibition described above is not unique to the enzyme from castor bean (20) .
Despite the general similarity, the properties of castor bean PFP differ from those reported for the spinach leaf and potato tuber enzyme in two ways. First, in the absence of Fru-2,6-P2, the castor bean enzyme has very low activity. Therefore, we observed a greater stimulation by Fru-2,6-P2 and a much larger effect of this activator on both V and KIPP. Second, in contrast to the sigmoid kinetics for Fru-6-P reported for spinach leaf and potato tuber PFP in the absence of Fru-2,6-P2 (3, 20) , the castor bean enzyme exhibited hyperbolic kinetics with all substrates. In these two respects, castor bean PFP is far more similar to that from mung bean hypocotyl (1, 19) . The above differences might merely reflect differences in the source of PFP. Alternatively, they may be explained by contaminants in the commercial substrates. We have observed that Fru-6-P from some sources contains a compound, probably Fru-2,6-P2, that activates PFP (unpublished results). Obviously, such contaminated Fru-6-P could considerably distort the apparent kinetic properties ofPFP. Fru-6-P used in the experiments described in the present paper did not contain a significant amount of this activator.
The kinetic properties of PFP that we report do not suggest an obvious physiological role for the enzyme. Castor bean PFP is quite capable of catalyzing the forward and reverse reactions at almost equal maximum rates (Table III) . Before we can decide which direction PFP operates in vivo, it is necessary to know the concentrations ofthe reactants. In particular, ifPFP is to function in the forward direction, the cytoplasm must contain an adequate supply of PPi. However, the properties described in the present paper suggest that PFP is capable of being tightly regulated in castor bean endosperm. The enzyme is almost completely dependent on the presence of Fru-2,6-P2. Therefore, effective control could be obtained by variations in the level of Fru-2,6-P2. In addition, the effect of Fru-2,6-P2 could be modulated by changes in the concentrations of both Fru-6-P and Pi. An increase in the ratio [Fru-6-P]/[PiJ would increase the activation of PFP at a fixed, limiting concentration ofFru-2,6-P2. Pi could also function by directly inhibiting the enzyme. Thus, changes in the levels of Fru-2,6-P2, Fru-6-P, and Pi in the cytoplasm could combine to dramatically alter PFP activity in vivo. At present, there is insufficient data on the levels of these metabolites to assess their importance in the regulation of PFP in castor bean endosperm.
